and neural progenitor cells [reviewed in [1] [2] [3] [4] . Furthermore, recent studies have demonstrated that 2 central components of the complement system, i.e. C3 and C5, are important in limb and eye regeneration after injury [5] , while C1, C3, and the complement receptor type 3 contribute to synaptic pruning in development and disease [6] . Complement even exerts psychopharmacological control on eating and drinking behavior based on studies in rodents [7] [8] [9] [10] [11] [12] . C3a and C5a, 2 polypeptides derived from proteolytic cleavage of C3 and C5, respectively, mediate a significant number of the biological activities listed above. Collectively, C3a and C5a, along with C4a, a third polypeptide derived from cleavage of C4, are known as anaphylatoxins because of their ability to induce a variety of inflammatory responses which can be as severe as type I hypersensitivity allergic responses [3, 13] . Although all 3 proteins are labeled anaphylatoxins, there is remarkably little evidence to support a role for C4a in this capacity. In this review, the case for removing C4a from the list of complement anaphylatoxins is made based on its limited range of biological activities and the absence of a specific C4a receptor to mediate these functions.
extrinsic protease pathways or by one of several bacterial enzymes [reviewed in 3 ] ( fig. 1 ). The 3 proteins have a molecular weight of approximately 9 kD and range in size from 74 to 77 amino acids. C5a is posttranslationally modified with a single complex carbohydrate chain attached through an N-linked glycosidic bond to asparagine residue 64 [14] , while C3a and C4a have no carbohydrate side chains and lack the classic Asn-X-Ser/ Thr glycosylation site motif. Despite similar biological functions, particularly for C3a and C5a (discussed below), there is limited sequence homology between the human anaphylatoxins. All 3 proteins have 6 invariant cysteine residues that give rise to a 4-helix core generated by 3 disulfide linkages [15] [16] [17] , a limited number of conserved residue substitutions, and a carboxy-terminal arginine residue [14, 18, 19] . The sequence homology of the anaphylatoxins is high between species (as much as 70%) [3, [20] [21] [22] , but it is considerably lower between the human proteins. For example, human C3a shares only 29 and 34% identity with C4a and C5a, respectively, a level of homology comparable to that between the entire coding sequence of C3, C4, and C5 [23] . The proteins share higher-order structural features, including backbone architecture, 4 antiparallel helices, and an overall compact globular shape, while the amino-and carboxy-terminal regions have no ordered conformation [24] [25] [26] [27] [28] .
Function
Despite the structural similarity between the complement anaphylatoxins, the functional profile of these proteins is dramatically different with respect to C4a. As outlined in table 1 , C3a and C5a share an amazing array of diverse functional properties that includes modulation of the innate and adaptive immune response, cell homing, and tissue regeneration. In contrast, C4a mediates almost none of these functions and, in those cases where a functional overlap is reported, closer inspection of the data suggests a significant weakness in the studies. The fundamental problem in most cases is the purity of the C4a preparations. For example, the initial studies identifying C4a as an anaphylatoxin were performed using human C4a in a guinea pig ileum contraction assay. C4a could induce ileum smooth muscle contraction but at concentrations ∼ 100-fold higher than those used for C3a [34] . Furthermore, C4a induced erythema and wheal formation upon injection into the skin of human volunteers, but again concentrations several orders of magnitude higher were required to elicit the same response via injection of C3a and C5a. The C4a preparations used in these studies were contaminated with physiologically relevant levels of C3a (0.002%) and C5a (0.006%), suggesting that the biological activity attributed to C4a was in fact due almost entirely to C3a/C5a [34] . Given that C3a and C5a are functional in the nanogram range, this level of contamination (due most likely to the biochemical preparatory methods employed) would be sufficient to induce the reported biological responses. A subsequent study examining the ability of the anaphylatoxins to cross-desensitize guinea pig platelets revealed that C4a had only 3% of the activity of C3a on a molar basis [38] . Given that the C4 used in the study was prepared in exactly the same way as in the study of Gorski et al. [34] , it is clear that C3a and C5a contamination complicates the interpretation of the reported results. More recently it was reported that C4a induced Ca ++ mobilization in guinea pig macrophages and that these cells were still sensitive to C3a-mediated Ca ++ mobilization, suggesting that C4a has its own receptor [56] . The authors did not, however, assess for trace amounts of C3a and C5a in the C4a used in the study, which had been prepared using a method similar to that of Gorski et al. [34] , raising concerns about the purity of C4a and the validity of the data. In a study using recombinant C4a and C5a (thus overcoming the contamination issue), the ability of C4a to inhibit C5a-mediated neointima injury was assessed [55] . Coinfusion of C4a and C5a resulted in reduced neointima formation relative to infusion of C5a alone. However, interpretation of the data is complicated by the fact that dose-response experiments were not performed and the amount of both anaphylatoxins administered to mice was exceedingly high (0.1 m M ) relative to physiological levels. Finally, in a study proposing a new function for C4a, the ability to inhibit blood monocyte chemotaxis, possible C3a/C5a contamination, and the ill-defined components of zymosan-activated serum significantly weakened the interpretation of the results [32] .
For many of the biological activities listed in table 1 , such as developmental homing or tissue regeneration, C4a has yet to be assessed relative to C3a and C5a. Thus it cannot be ruled out that C4a shares no functional overlap with the other anaphylatoxins. In fact, C4a and C3a both share antimicrobial activity toward Gram-negative and Gram-positive bacteria based on studies using purified proteins and 20-mer peptides derived from the sequence of various regions of both peptides [27, 53] . It should be noted however, that C3a/C4a antimicrobial activity is receptor independent, relying instead on the overall net charge, percentage of hydrophobic amino acids, and degree of amphipathicity of the peptides [57] . Nevertheless, it is striking that the C4a biological activity is so limited relative to that of C3a and C5a. Although it is possible that C4a contributes to C3a/C5a-mediated immune functions, until more rigorous studies are performed, the in vitro and in vivo data to date fails to support its moniker as an anaphylatoxin.
The Anaphylatoxin Receptors
Perhaps the most compelling argument that C4a is not an anaphylatoxin is the absence of an identified C4a-specific receptor and the inability of C4a to effectively signal through any known human receptor. To date, a single C3aR and 2 C5aR (C5aR1 and C5aR2) have been characterized in humans and many other species ( fig. 2 ) [30, 31, [58] [59] [60] , all of which are members of the large G-proteincoupled receptor family (GPCR) [61, 62] . The C3a and C5a receptors are part of a subgroup of receptors that includes the N-formyl-methionyl receptors and several related orphan receptors. There is no indication that any of the orphan GPCR serves as a C4a receptor. In fact, the branching pattern and evolutionary distance argues against C4a as a ligand for these receptors [62] . Could C4a bind and signal through other GPCR family members outside the complement anaphylatoxin and FMLP subgroup, particularly within the peptide receptor subgroupings? It seems unlikely since many of these receptors bind small molecules such as nucleotides, lipids, biogenic amines, cyclic peptides, and glutamate. Of the remaining peptide receptor subgroups, most of the members bind smaller peptides with conformational features markedly different from that of C4a [62] .
The complement anaphylatoxin receptors bind their respective ligands with a low nanomolar affinity [30, 31, 58] , with the exception of no binding between C3adesArg and the C3aR [63, 64] and a low affinity binding between C5a-desArg and C5aR1 (see fig. 2 ). Neither C3a nor C5a serves as an effective agonist in cross-desensitization assays, a finding supported by studies mapping distinct ligand:receptor binding sites for both peptides [65] [66] [67] [68] [69] [70] . C4a weakly binds the human C3aR when present in micromolar amounts but does not induce calcium mobilization, indicating that a functional C4aR must be distinct from the C3aR [29, 71] . Interestingly, human C4a binds the guinea pig C3aR and induces calcium mobilization in in vitro assays when used in micromolar amounts [71] . This latter finding raises evolutionary questions regarding C4a. Does C4a in lower species preferentially signal through the C3a or C5a receptors? Perhaps signaling through the C4aR was functionally redundant and the receptor was selected against over time. Studies designed to address these and other questions are feasible and may shed light on evolutionary divergence of the anaphylatoxin receptors and their ligand interactions.
Conclusions and Perspectives
The anaphylactic activity of complement was initially postulated over 100 years ago [72] , and subsequent studies in passive cutaneous anaphylaxis directly demonstrated a role for complement but did not implicate the complement anaphylatoxins as we know them today [73, 74, 75] . In the late sixties, multiple groups independently documented the isolation and functional activity of C3a and C5a using purified complement proteins [76] [77] [78] . Since that time, C3a and C5a have been shown to contribute to a broad array of biological functions well beyond that of their classical role as anaphylatoxins inducing smooth muscle contraction, wheal and flare reactions, or platelet activation. Expression of the receptors for C3a and C5a on nearly all cells types provides broad support for these newly described biological activities [reviewed in 4 ] . From an evolutionary point of view, the C3a and C5a receptors have integrated anaphylatoxin-mediated control of adaptive immune responses at the level of the bony fishes since these receptors have been conserved in teleost fish for over 300 million years [79, 80] . The control of other biological functions by C3a and C5a in organisms phylogenetically simpler than the teleost fish remains to be established. In contrast, C4a appears to be the dunsel of the complement anaphylatoxin family. It fails to meet the minimum expectations for a classic complement anaphylatoxin and has yet to be shown to contribute to adaptive immune responses or any of the more recently described developmental or regenerative activities of C3a and C5a. The absence of a C4a receptor, coupled with the inability to bind and signal effectively through 337 the C3aR and C5aR, suggests that the primary function of C4a is to serve as the 'pro' portion of C4, stabilizing C4 and its thioester bond until the classical or lectin pathways are activated. Until C4a is shown to contribute to immune responses, it should not be considered an anaphylatoxin and, as suggested by Klos et al. [4] it may make more sense to eliminate the term anaphylatoxin altogether given their broad functional array.
